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Abstract The aim of this paper was to assess biodiversity
among different habitats of an organic farm and the
relationships between some soil properties, nematode
taxonomic diversity, and soil food web condition. Eight
habitats were studied in the farm: ponds, ditches, a riparian
corridor, hedgerows, and four agricultural fields (mustard,
oats, fallow, and legumes). The undisturbed riparian
corridor had higher soil NO; — N and NH; — N concen-
trations, and potentially mineralizable N and higher
abundances of bacterivore nematodes and longer food
webs. Canonical correlation analysis showed associations
between habitats and nematode trophic groups: predatory
and bacterial-feeding nematodes in the riparian corridor and
hedgerows, omnivore nematodes in the ponds and ditches,
and fungal-feeding nematodes in the legume field. Soil
chemical and physical properties mirrored the aboveground
farm patterns and were more similar among habitats that
were or had been cultivated, compared to the riparian
corridor. Soil food web indices, based on functional
analysis of nematode faunal composition, reflected the
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aboveground landscape heterogeneity. Discriminant analysis
indicated that soil food web indices separated the two most
disturbed habitats (ponds and tailwater ditches) from the two
least disturbed habitats (the riparian corridor and hedge-
rows). The indices correlated with soil functioning as
inferred by soil properties. Abundance of nematode taxa
was not associated with aboveground landscape patterns.
The complexity of the soil food web may have been
influenced by (1) environmental factors that differed
between years, (2) different time periods since disturbance
in the various habitats, and (3) movement of nutrients and
organisms by water flow between habitats in the farmscale.

Keywords Nematodes - Farmscale - Soil food web -
Diversity - Organic farm

Introduction

Organic farming often increases diversity and/or abundance
of crops, birds, insects, plants, soil organisms, types of
labor, and soil fertility and decreases the need for fertilizers
and energy inputs (Van Manvstel et al. 1998; Méder et al.
2002; Bengtsson et al. 2005; Fuller et al. 2005; Smukler
et al. 2007). Organic farming typically add large amounts of
organic matter and/or soil amendments, which, in turn,
increase the biological activity of the soil (Méder et al.
2002; Burger and Jackson 2003).

Nematodes are among the most diverse of soil animals,
usually the most abundant of the soil metazoans and the
most important secondary consumers within the soil
mesofauna (Mulder et al. 2005). Nematodes have been
used extensively as indicators of soil diversity and
functioning (Neher 2001; Mulder et al. 2005), and there is
abundant literature dealing with the nematode fauna as soil
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health indicators in different farming and natural systems.
However, few studies have focused on landscape distribution
patterns of the nematode fauna because most of the
studies relating nematode faunal composition with soil
management have been carried out in homogeneous plots
or single crop farms (Wardle et al. 1995; Okada and Ferris
2001; Ferris and Matute 2003; Berkelmans et al. 2003).
Therefore, there is a lack of experimental and field
information about how nematode populations are spatially
distributed in response to both management practices and
landscape heterogeneity.

The range and magnitude of soil functions are strongly
related to soil biodiversity (Hunt and Wall 2002; Fitter et al.
2005). Nematodes, protozoa, microbes, earthworms, and
arthropods drive such soil functions as nutrient mineraliza-
tion, and the soil fauna can be responsible for up to 80% of
the total nitrogen mineralization in arable soils (Didden
et al. 1994). For example, greater abundance of bacterivore
and fungivore nematodes increases the amount of N
available to the crop (Ferris et al. 2004). Nematode trophic
groups respond differently to different environmental
conditions and management practices; microbivorous nem-
atodes respond readily to changes in abundance of their
food sources (Zelenev et al. 2004) and are usually highly
abundant in organic fields due to higher inputs of organic
matter (Yeates et al. 1997). Predatory and omnivore
nematodes are more abundant in natural areas than in
arable fields due to their greater sensitivity to soil
disturbance (Neher 2001).

Soil biodiversity can be assessed by methods such as
isolation and assessment of different organism types and
measurements of biochemical and molecular parameters
(Brussaard et al. 2007). Soil food web indices, based on the
abundances of nematode functional guilds (nematodes with
different trophic habits and life history traits), have been
used to study the effect of pollution, management, and
vegetation on agroecosystems (Liang et al. 2005; Stirling
and Lodge 2005; Wang et al. 2006).

Chemical and physical soil properties both determine
and reflect the activity of living organisms in the soil.
How soil chemical, physical, and biological attributes
relate to soil functioning and diversity is a relevant
ecological question. Eleven properties characterizing the
chemical, microbial, and physical soil status [electrical
conductivity, pH, bulk density, phospholipid fatty acids
(PLFA), microbial biomass carbon (MBC) potentially
mineralizable nitrogen (PMN), total carbon and nitrogen,
phosphorous, ammonium, and nitrate] were chosen to
infer soil functioning and to relate it to soil diversity. In
other studies, these properties have been well correlated
with both changes in landscape management and biolog-
ical community structure (Ferris and Matute 2003;
Steenwerth et al. 2003).
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At the farmscale level, our hypotheses were (a) hetero-
geneous landscapes positively affect nematode faunal
diversity patterns, (b) soil chemical, microbiological, and
physical properties are correlated with nematode diversity
patterns and with the distribution and diversity of other
organisms, and (c) nematode faunal composition is strongly
related with farmscape diversity and differs among habitat
types within a landscape. Thus, the objectives of this study
were to: (1) assess distribution patterns of nematode
populations at a landscape scale, (2) evaluate the effect of
farmscale heterogeneity on soil physical, chemical, and
microbiological properties, nematode activity, nematode
faunal composition, and food webs of the soil to determine
whether these features reflect farmscape patterns in discon-
tinuous patches, and (3) determine nematode faunal
diversity in different habitats and assess its relationship to
landscape and farm management diversity.

Materials and methods
Study area

The study site is an organic farm located near Winters, CA,
USA, and the soil is described as a fine-silty, mixed,
superactive, thermic Typic Haploxeralfs (Tehama silt loam;
USDA-SCS 1972). To verify the soil survey classification
(USDA-SCS 1972), which indicated that the selected
habitats were all on a single soil type, soil pits were
excavated in all habitats (two in each of the agricultural
fields) and characterized in the spring of 2005. Genetic
horizons were sampled for texture and total soil C and N.
After the laboratory analyses were complete, the soils were
classified (Soil Survey Staff 2006). All habitats occurred on
an old alluvial fan dissected by an incised intermittent
stream (riparian corridor habitat), which, because of its
depth in the deposited plateau, had relatively little effect on
soil formation. Sedimentation from flooding is limited to
the stream channel because the high degree of channel
incision prevents recent deposits of sediment from reaching
the study site on the dissected fan. Thus, soil forming
factors at the site were fairly similar and dominated by
human management. All soils were classified as from the
same sub (Typic Haploxeralfs), with the exception of the
pond (Aquic Haploxeralfs). The pond was somewhat
distinct from the other habitats due to its seasonal
inundation and excavation.

All the habitats of the farm, including the two arable
fields, were included in this study. In the spring of 2005,
Arcview (ESRI 2005) was used to create a stratified
random sampling scheme for each of six habitat polygons:
(a) ditches, which surround the arable fields, (b) irrigation
tailwater ponds, which collected water runoff from the
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fields, (c) north field of oats, (d) south field of tomato
(separated from the north field by a country road), (e)
hedgerows, composed of perennial native shrubs and
herbaceous perennials in a discontinuous hedge surround-
ing the farm, and (f) riparian corridor, which is the south
border of the farm and is composed of woody tree species,
subshrubs, herbaceous perennials, and ruderal annual plants
(Fig. 1). In the spring of 2006, the same methodology was
used to re-randomize plots and to include additional
mustard and oats cover crop treatments (riparian corridor,
hedgerow, north field-mustard, north field-fallow, north
field-legume, south field-oats, drainage ditches, and tailwa-
ter pond). Samples were collected at the bottom edge of the
tailwater pond where it was not inundated. Using each
randomized point as the center, 16 m? square plots were
established for aboveground vegetation analysis (Smukler,
in preparation). Within each sampling plot, four 50 cm?
subplots were established in each cardinal direction at
random distances from the plot center. Samples were taken
at 0—15 and 15-30 cm depths from the center of the four
50 cm? sub-plots, composited by depth and mixed in the
field before storage in coolers for transportation back to the
laboratory. For bulk density measurements, soil pits were
excavated within each sampling plot and brass rings
(8.5 cm diameterx6 cm deep) were pounded into the side
of the pit at 0—6, 8—15, 16-22, and 23-30 cm depths then
excavated and dried at 105°C. Soil samples were collected
in March 2005 and 2006, before cover crops were chopped
and incorporated into the soil.

[+] 2005 Plots [+] 2006 Plots

reservoir

South Field

Fig. 1 Farm map including the habitats sampled in 2005 and 2006

o North Field o &

Soil properties

Fresh soil samples were stored on ice and transported to the
laboratory where they were homogenized, subsampled,
and then analyzed for gravimetric soil moisture content,
KCl-extractable NO; — N and NH; — N colorimetrically
(Miranda et al. 2001), nematodes, and PLFA (Bossio and
Scow 1995). A 7-day anaerobic incubation was used to
determine potentially mineralizable N (Waring and
Bremner 1964). MBC was measured by the fumigation
extraction method (Vance et al. 1987). The remaining
sample was air dried and used later for analysis of electrical
conductivity (EC; Rhoades 1982) and pH (US Salinity
Laboratory 1954). Air dried samples were analyzed for total
N and C by the combustion gas analyzer method (Pella
1990) and Olsen P (Olsen and Sommers 1982) at the
Division of Agriculture and Natural Resources Analytical
Laboratory at the University of California at Davis. Data for
NH; — N and NO; — N are expressed both in pg/g dry soil
and kg/m?. Data for total soil C and N are expressed both in
soil percentage and kg/m?. Bulk density was calculated from
the dry mass of soil per volume collected in a brass ring and
averaged for the 0—15 and 15-30 cm depths.

Nematode sampling and identification
Nematodes were extracted using a modification of the

sieving and Baermann funnel method (Barker 1985). In
2005, nematodes were extracted from 100 g of soil, and to
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improve nematode recovery, nematodes were extracted
from 250 g in 2006; nematode counts were expressed as
number of nematodes per 100 g soil.

The total number of nematodes was counted in each
sample at x50 magnification, and the first 200 individuals
were identified to genus/family level. Nematode taxa were
assigned to trophic groups (Yeates et al. 1993) and
functional guilds (Bongers and Bongers 1998). Shannon’s
(1948) and Simpson’s (1949) diversity indices were
calculated, and soil food web indices (Ferris et al. 2001)
were used to assess soil food web status. Given the
uncertain trophic habit of the nematodes in the family
Tylenchidae, half of the nematodes on such taxa were
considered fungal-feeders and half plant-feeders.

Statistical analysis

Kruskall-Wallis analysis of variance (ANOVA) was used to
detect significant differences in abundance of nematode
taxa, nematode diversity, soil food web indices, and soil
properties between habitats. The Mann—Whitney test was
applied post-hoc. Spearman rank-order correlation coeffi-
cients were used to detect significant relationships between
continuous variables.

Three functional categories were used to assess relation-
ships between the farmscale and soil diversity and
functioning. The first category is comprised of soil biotic
and abiotic properties [N, C, NH; — N, NO; — N, PMN,
bulk density (BD), pH, soil moisture, electrical conductivity
(EC), MBC and phosphorus], all of which are strongly
related to soil physical and chemical characteristics and
microbial activity. The second category is comprised of
abundance of different nematode taxa. The abundance of
nematode taxa not only depends on soil properties but also
on population dynamics, food availability, and interactions
with other organisms. Nematode taxa abundances were
expressed as absolute abundance (number of nematodes in
taxon i per 100 g of fresh soil) and as relative abundance
(number of nematodes in taxon i/total number of nematodes
in the sample per 100 g of fresh soil). The last category
describes the condition of the soil food web, inferred from
soil food web indices [Structure Index (SI), Enrichment
Index (EI), Channel Index (CI) and Basal Index (BI)].
These indices assess overall soil trophic relationships, soil
food web connectance, organic matter decomposition path-
ways, and effects of perturbations on the soil food web
(Ferris et al. 2001).

Univariate analyses were performed for comparing
nematode community composition, soil food web condi-
tion, and soil properties among different habitats in 2005
and 2006. Multivariate analyses used to infer relationships
between nematodes, landscape, and soil properties were
only performed with 2006 data. Canonical correspondence

@ Springer

analysis (CCA) was used to detect and summarize relation-
ships between trophic group abundances, soil properties,
and nature of the habitat. The results of the CCA can be
represented as a bidimensional plot in which physical
gradients are revealed and relationships between variables
can be inferred. Variables positioned in close proximity on
the graph are more closely related. The procedure allows
detection of complex patterns and associations among
variables.

Discriminant analysis was applied to three data catego-
ries: (a) soil chemical and biochemical properties, (b)
absolute abundance of nematode taxa, and (c) soil food
web indices. Significant variables in the model were
selected by forward stepwise regression. Wilks’ Lambda
values are used to denote the statistical significance of
the discriminatory power of the models, ranging from 1.0
(no discriminatory power) to 0.0 (perfect discriminatory
power).

For cluster analyses of the three data categories, Squared
Mabhalanobis Distance matrices were used to infer the
degree of similarity among habitats in terms of their
nematode faunal composition, soil food web condition,
and soil properties. Euclidean distances were used to
construct cluster charts that summarize similarity relation-
ships between sample groups from different habitats.

All the analyses were performed using the Statistica
software package (StatSoft 1996).

Results
Nematode faunal composition

Thirty-three nematode taxa were identified in 2005 and 35
in 2006. In 2005, four nematode taxa were significantly
different in abundance among habitats (Table 1), and one
nematode taxon, a species in the family Hoplolaimidae, was
found in only one habitat, the riparian corridor. In 2006,
five nematodes presented significant different abundances
among habitats, and nine genera appeared in only one
habitat (Table 1).

Nematode functional diversity and soil food webs

In 2005, three trophic groups differed in abundance
among habitats (Table 2). Relative abundances of herbi-
vores and predators were higher in the riparian corridor
than in ponds and the south field at 0-15 and 15-30 cm,
respectively. Absolute abundances of fungal-feeders were
greatest in the hedgerows and in both fields at 0—15 cm.
The total number of nematodes, the SI, and the Shannon’s
diversity index also showed some significant differences
among habitats.
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[}
o o~ ~ —é = At the second sampling (2006), absolute abundances of
% % 3 § £S5 bacterial-feeding nematodes were higher in the oat field and
ol the fallow than in ponds at 0-15 and 15-30 cm, respec-
1) p p
=& tively (Table 3). At 0~15 cm depth, bacterivore nematodes
o ~ . .
=S=28Z ap were relatively more abundant in hedgerows and the
SSsSo | ol Y 8
f | =~ riparian corridor than in the legume field, while, on the
s p g
28 contrary, fungal-feeders were relatively more abundant in
£ % ry. g y
Sgam 2 é the legume field than in the hedgerows and in the riparian
SS— 9 ,§ 2 area. The EI and the Simpson Index also showed some
g ; significant differences among habitats at 0—15 cm depth in
%:) gn 2006; the CI varied at both depths and the Shannon Index
§ § 8 § é A differed among habitats at 15-30 cm depth (Table 3).
I N
L o
S oy Soil properties
=]
S o v wn s =
S S — — s 3 .
SS 33| »n gn In 2006, NO; — N and NH} — N soil content (measured
T Alg 3 5 4
IS § both as pg/g and kg/m”), PMN, and EC were significantly
=} O . . . . . . .
= 7 higher in the riparian corridor than in any other habitat at
cooca | TG & p y
s2*d E 3 0-15 cm depth (P<0.05; Table 4). At 15-30 cm, some
wooH ) 85 significant differences were also found among habitats.
S8 g g
o's
o 9 . .
sge-x| 28 Relationships between nematode community, soil
S$—~5| &% roperti d farm habitat
TS| 38 properties, and farm habitats
g2
[SPINS)
conw | ES Many bacterial-feeding taxa, including Mesorhabditis,
S3Sa~—| o0& Y g
S¢S g & £ Panagrolaimus, Metacrolobus, Plectus, Prismatolaimus,
S 2 and Wilsonema, were positively correlated to at least one
< Q ) p
wsss é g soil property (NO; — N, NH; — N, PMN, and/or MBC;
— oSS | g% Table 5). Cruznema was the only bacterivore negatively
H H| 873 .
S 7 correlated with NO; —N and NH} — N, as was the
s = 3 4
- fungivore Aphelenchus. The El, CI, and BI were generally
S| €8 related to total N and C contents (Table 5). Other relationships
—FT%| 8 b i ies and d 3 trophi
+ H |l 25 etween soil properties and nematode taxa and trophic
e
[0}
= 2 groups are shown in Table 5.
gg g g g A CCA bidimensional plot of relationships among soil
Sgc=y <8 properties, habitats, and nematode trophic groups indicates
= .
= that higher values of NOy —N, EC, PMN, C, N, and
== . . . . .
oo | EE NH; — N were associated with the riparian corridor and the
— o .
% % > o = % hedgerow area and, to a lesser extent, with the oat field
=] . . .
o & (Fig. 2). Mid-range values of those properties were
o RS
g % associated with the mustard cover crop and the fallow in
S8383 |83 the north field. Higher bulk density and soil moisture were
S S = EE 3] &
A=+ | “T: associated with ponds and ditches. Predatory and bacterial-
g . . . .
é 2 feeding nematodes were most highly associated with the
o o« o EDE riparian corridor, the hedgerows, and their characteristic
S o < - . . . .
S <o ;t soil properties. Fungal-feeding nematodes were mainly
g% associated with the legume field. Omnivore nematodes
@ o were associated with ponds and ditches.
.8
g 25
28 g g Habitat discrimination
s E & 3
< ~ .
s = e Discriminant models were developed separately for soil
2w sy | ez .
<Oo0RO| &8 properties (Category 1), abundances of nematode taxa
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Fig. 2 CCA biplot showing associations between nematode trophic
groups (white circles), soil properties (dark circles), and farm habitats
(dark squares). Note that continuous variables define a gradient from
higher values (where the variable is plotted) to lower values situated in
the opposite part of the graph trough an axis that passes through the
point (0,0). Habitats: D Ditch, F' Fallow, P Ponds, L Legumes, M
Mustard; H Hedgerows; R Riparian Corridor. Soil properties: Po
Phosphorous, SM Soil moisture, BD Bulk density, MBC Microbial
biomass carbon, PMN Potential mineralizable nitrogen, C Total C, N
Total N; EC Electrical conductivity; NH4 NHI —N, NO3 NO; — N
(see Table 2 for nematode trophic groups abbreviations)

(Category 2), and soil food web indices (Category 3) to
determine each subset of variables that best discriminated
differences among the habitats. In addition, the difference
among habitats was then tested by including in the model
only the variables that provided significant discrimination
(Tables 6, 7, and 8; soil properties, absolute abundances of
nematodes, and soil food web indices).

Category 1: Habitat discrimination by soil properties

The model was significant for soil properties (Wilks’
Lambda=0.012, F(77,131y=2.56, P<0.0000). Differences
among habitats (indicated by bold numbers in Table 6)
show that the riparian corridor had significantly different
soil properties than the other habitats, and ponds had

different properties than all habitats except the fallow field.
Soil properties in ditches were also different from the
riparian area and from the mustard field (Table 6).

These differences are represented as a cluster tree in
Fig. 3a., used to facilitate visualization of the differences
detected between habitats. In the cluster resulting from the
analyses of soil properties, the only habitat not associated
with agricultural disturbance (the riparian corridor) formed
a separate cluster. The model separated habitats into two
groups: the riparian corridor in a single cluster and all the
others in another group, in which ponds were the most
different habitat from the others.

Category 2: Habitat discrimination by nematode taxa
abundances

Discriminant analysis was also performed with the absolute
abundances of nematodes. Of the 35 nematode taxa
included in the analysis, 21 were retained in the final
model, which had a high resolution capacity (Wilks’
Lambda=000021, F(147’144):2.52, P<00000) The great-
est differences in terms of nematode community composi-
tion among groups were found between legumes and
hedgerows and between legumes and oats (Table 7),
indicating greater differences between winter cover crop
management practices than between uncultivated and
cultivated habitats. The resulting cluster tree (Fig. 3b.)
shows hedgerows in a single cluster and all the other
habitats in another one.

Category 3: Habitat discrimination by soil food web
indices

For the discriminant analysis performed on the soil food
web indices, the model included all of the indices and was
highly significant (Wilks’ Lambda=0.18, F(23 134)=2.94,
P<0.0000). SI contributed most to the model discrimina-
tion, followed by EI, CI, and BI. Greatest differences were

Table 6 Squared Mahalanobis distances between group centroids in the discrimination between the eight habitats by soil properties

P D R L F M HR (0}
Ponds 0.00 15.45% 37.57* 17.52* 14.41 22.64* 22.96%* 15.84*
Ditches 0.00 67.82%* 7.47 8.43 15.78* 11.84 6.07
Riparian 0.00 62.21%* 68.65* 70.20%* 56.53* 64.20%*
Legume 0.00 5.46 6.65 3.69 6.76
Fallow 0.00 5.82 9.37 4.37
Mustard 0.00 9.31 8.98
Hedgerow 0.00 6.69
Oats 0.00

Bold numbers marked with * indicate significant differences among groups for soil properties (P<0.05). Higher numerical values indicate greater

distances (differences) among groups

P Ponds, D ditches, R riparian corridor, L legumes, F' fallow, M mustard, HR hedgerows, O oats
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Table 7 Squared Mahalanobis distances between group centroids in the discrimination between the eight habitats by nematode taxa abundances

P D R L F M HR (0]
Ponds 0.0 25.6 16.4 79.8* 19.8 11.8 56.9* 46.7*
Ditches 0.0 45.4* 35.7 26.7 342 65.0%* 43.0*
Riparian 0.0 109.4* 30.8 25.0 58.2% 67.5%
Legume 75.9 103.9* 135.1* 124.8*
Fallow 0.0 21.2 76.3* 48.2%
Mustard 0.0 76.9* 35.2
Hedgerow 0.0 88.5*
Oats 0.0

Bold numbers marked with * indicate significant differences among groups for soil properties (P<0.05). Higher numerical values indicate greater

distances (differences) among groups.

P Ponds, D ditches, R riparian corridor, L legumes, F fallow, M mustard, HR hedgerows, O oats

found between the riparian corridor and hedgerows vs
ponds and ditches (Table 8).

The cluster analysis provided a tree in which hedgerows
and riparian corridor are grouped in a cluster separated
from the other habitats (Fig. 3c.). Two of the winter
treatments on the north field, mustard and fallow, group
together, separated from ponds and ditches, which are
closely related and with the north field legumes and oat
treatments sequentially included. Therefore, soil food web
indices discriminated highly between the two habitats
subjected to least disturbance (the riparian corridor and
hedgerows) and the two habitats most disturbed (ponds and
ditches). Surprisingly, the legume field was not included in
the same cluster as fallow and mustard (the three habitats
were in the north field), being significantly different from
fallow (but not from mustard).

To validate the model and the cluster tree resulting from
the analyses of the soil food web indices, that is, to ensure
that those differences in the soil food web among habitats
were not already present before applying the cover crops,
2006 data were re-analyzed using the 2005 classification of
five habitats, using discriminant analysis. The resulting
model was not significant (Wilks’ Lambda=0.61, F(14.76)=

1.52, P<0.1259), and the EI and SI were excluded from the
model. The 2005 cluster that resulted from this analysis did
not show the same pattern found for the 2006 classification,
indicating that the difference between the mustard, oat,
legume, and fallow fields in 2006 are indeed related to
effects of the cover crop treatments and that detected
differences were not already present the previous year when
the field was homogeneously managed.

Discussion

Biological assemblages are structured by the myriad
historical, physical, and chemical variables that define
ecosystem properties. The assemblages can be dramatically
changed by chemical and physical soil perturbations,
especially in agroecosystems. For example, changes in soil
management lead to different soil communities (Sanchez-
Moreno et al. 2006), and changes in community composi-
tion lead to different rates of organism functions and
ecosystem services (Cragg and Bardgett 2001). Soil
organisms that exhibit characteristics of diversity and
abundance often can be used as bioindicators (Breure

Table 8 Squared Mahalanobis distances between group centroids in the discrimination between the eight habitats by soil food web indices

P D R F M HR (0)
Ponds 0.0 0.6 15.7* 6.7* 5.6* 14.2* 3.1
Ditches 0.0 13.3* . 5.3* 4.5 10.8* 1.6
Riparian 0.0 9.4%* 5.7* 6.3* 1.9 12.1*
Legume 4.0%* 2.9 9.3* 32
Fallow 0.0 1.2 7.3*% 34
Mustard 0.0 6.4% 22
Hedgerow 0.0 9.2%
Oats 0.0

Bold numbers marked with * indicate significant differences among groups for soil properties (P<0.05). Higher numerical values indicate greater

distances (differences) among groups

P Ponds, D ditches, R riparian corridor, L legumes, F' fallow, M mustard, HR hedgerows, O oats
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et al. 2005). Within soil animals, nematodes have been
broadly used as ecosystem health indicators at very
different scales (Ekschmitt et al. 2001, 2003; Neher 2001;
Mulder et al. 2005). Nematode faunae are usually richer in
non-cultivated lands, and nematode diversity increases
within a soil type when arable fields are abandoned (Han¢l
2003).

The nematode fauna, like every other biological soil
assemblage, is physically distributed in continuous gra-
dients and in discontinuous aggregations across the land-
scape, so differences in nematode abundance among
habitats may be too small, or affected taxa too scarce, to
be detected when landscape patterns are analyzed as
discrete land units. The gradients and discontinuities of
organism distribution may be responsible for the sometimes
unclear differences in trophic group sizes and soil food web
indices among habitats in this and other studies. Higher
nematode trophic levels, such as predators and omnivores,
are generally less abundant in arable fields than in natural
areas due to their greater sensitivity to nitrogen fertilizers,
tillage, cropping, and pesticides (Fiscus and Neher 2002;
Tenuta and Ferris 2004). In this study, as expected,
predators tended to be more abundant in the undisturbed
riparian corridor than in the arable fields. However, there
were some unexpected associations between nematode
trophic groups and field usage. Bacterial-feeding nematodes
were expected to be more abundant in the legume field due
to lower C/N ratios of the organic inputs (Wardle et al.
2003), but actually lower absolute and relative abundance
of bacterial-feeders were detected in the legume fields at
both 0-15 and 15-30 cm depth, while fungal-feeding
nematodes were more abundant than bacterial-feeders.
Thus, the CI, indicator of fungal-mediated decomposition
pathways, was higher in legumes at 0—15 cm depth in 2006.
Some leguminous species are known to support high
populations of fungi in the rhizosphere. For example, in
comparison to 14 other plant species, Lupinus luteus was
most effective in supporting fungal biomass in rhizosphere
soil (Appuhn and Joergensen 2006). Also unexpectedly,
high values of the EI, an indicator of rapid organic matter
decomposition mediated by bacteria, were associated with
hedgerows and the riparian corridor, clearly responding to
high C and N soil content in those areas. Indeed, organic
matter content was surprisingly high in the riparian area,
perhaps reflecting years of runoff from the agricultural
areas and high organic matter inputs with little disturbance.
The enriched conditions led to a nematode fauna with high
values of both the SI and the EI. Nematode movement
across habitats, probably associated with run-off water, may
explain the presence of some nematode taxa in certain
habitats, for example, the presence, even if at very low
abundance, of Meloidogyne juveniles in the ponds that
collect run-off water from the fields.

Abundances of bacterial feeders were in general associ-
ated with higher measurements of soil NO; —N
and NH; —N, as found in many studies (Brussaard
et al. 1995; Forge and Simard 2001; Savin et al. 2001;
Postma-Blaauw et al. 2005). Only one nematode taxon,
Cruznema, was negatively correlated with soil NO; — N
and NH; — N. Cruznema is a very effective grazer of
bacteria (under conditions favorable for its activity),
producing a significant positive effect on bacterial biomass
and the content of inorganic N in soil (Ferris et al. 1997; Fu
et al. 2005), so a positive relationship between its
abundance and soil N was expected. Aphelenchus, the most
abundant fungal-feeder in the farmscale, was negatively
correlated with NO7 — N, NH; — N, and total soil C. The
contribution of fungal-feeding nematodes to N mineraliza-
tion is smaller than that of bacterial-feeding nematodes
(Okada and Ferris 2001), and a negative relationship
between the CI, indicator of fungal-mediated organic matter
decomposition pathways, and the amount of NO; — N,
NH; — N in the soil was not unexpected (Ferris and Matute
2003). Previous studies have shown positive relationships
between the CI and soil C (Stirling and Lodge 2005), but
we found negative correlation coefficients between CI and
soil C content, and higher CI values in the legume field (0—
15 cm, 2006), probably resulting from short-term rhizo-
sphere interactions due to fungi and the associated increase
in MBC (Appuhn and Joergensen 2006). The BI was
related to soil properties similarly to the CI, indicating a
more basal and stressed conditions of the soil food web in
ponds and ditches.

Consistent with previous studies, the EI was a good
indicator of the amount of N in the soil (Ferris et al. 2004;
Wang et al. 2006), correlated with the contents of total C
and N, NHI — N, and NO; — N of soil. The SI, indicator
of soil food web connectance and length, is often negatively
correlated with total soil N content, at least in disturbed
systems (Berkelmans et al. 2003; Sanchez-Moreno et al.
2006). Besides higher values of the EI, the SI was also
higher in the riparian corridor. Our results therefore suggest
that predators and complex soil food webs may coexist with
enrichment-opportunistic nematodes and that organisms in
the higher levels of the soil food web can survive in
enriched soils when physical perturbation is absent. In fact,
such systems, with abundant microbivorous nematodes,
would be supplying resources to higher trophic levels
(Ferris and Bongers 2006). Significant correlation coeffi-
cients were also found between diversity indices and N
mineralization as inferred from net changes in NH; — N,
NO; — N and total N of soil. However, no causal relation-
ships can be inferred, and such relationships may be mainly
casual, determined by autocorrelated spatial patterns produced
by the occupancy of the riparian corridor by both predator and
bacterial-feeding nematodes.
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There were few significant differences in the abun-
dance of nematode taxa or in taxa richness among
habitats. Nonetheless, soil food web condition and
ecosystem functioning differed among habitats, indicating
that the functional consequences of the relationships
between dynamic assemblages of organisms are not fully
reflected by the taxonomic composition of biological
communities.

When there is taxonomic diversity at a trophic level or in
a functional guild, elimination of one or more taxa may not
affect soil food web function. However, in functional guilds
or trophic levels with less taxonomic diversity, reduction in
abundance of one taxon may have a significant effect on
functional characteristics of the soil food web. In disturbed
systems, there is often lower diversity in the higher trophic
levels so that small taxonomic changes may result in large
effects on the SI and on the regulatory function of predation
on opportunistic species. Indeed, the most sensitive
nematode taxa rapidly disappear with soil disturbance and
many years may be necessary for recovery of taxonomic
richness and the functions with which those organisms are
associated (Sanchez-Moreno et al. 2006).

Scale is a central theme in ecology because changes in
the resolution of observation allow the detection of occult
patterns not detectable at other scales (Levin 1992).
Similarly, observing the system at different functional
resolution (from soil properties to nematode taxa abundance
and soil food web indices) may be a critical factor in
determining belowground patterns at the landscape level.
While soil properties mainly discriminated two groups of
habitats (riparian corridor vs all the other habitats that were
or had been tilled in the past), the use of taxonomic
diversity and soil food web indices revealed other patterns.
Abundances of nematode taxa as predictor variables
introduce biological traits into the model, including the
capacity of different species to persist in each habitat.
Nematode faunae often show high resolution capacity in the
discrimination of different habitats; Hanél (1995) found
very different nematode assemblages in fields, fallow,
meadows, and forests, and Popovici and Ciobanu (2000)
found significant relationships between nematode faunal
composition and habitat characteristics, including vegeta-
tion. Using other soil organisms, Kapusta et al. (2003)
found that soil properties discriminated between different
habitats much more distinctly than composition of the
enchytraeid community. In this study, however, nematode
abundances discriminated habitats in a very different way
than the measured soil properties or soil food web indices.
Abundance of nematode taxa primarily separated oats and
hedgerows from the other habitats and did not discriminate
between cultivated and non-cultivated areas, suggesting that
both short-term (rotation) and longer-term (woody perennial)
factors play a role in abundance. Additionally, nematode taxa

@ Springer

did not reflect the specific soil properties detected in the
riparian corridor.

At a farm level, soil food web indices provided a more
structured ordination than nematode abundances; they
linked pond and ditches, mustard and fallow fields, and
hedgerows and riparian corridors into single clusters. Of all
the soil food web indices, the SI was the best indicator of
farmscape diversity patterns. While functional groups are
“abstractions that help us to view more clearly the resulting
emerging properties and processes that have became part of
that environment” (Brussaard 1998), soil food web indices
also reflect relationships between functional guilds, for
example, weighting the relative contribution of fungal- and
bacterial-feeding organisms to organic matter decomposi-
tion. Indeed, habitat discrimination by soil food web indices
seems to be more strongly related than nematode commu-
nity composition to soil functioning (as inferred by soil
properties), indicating that ecosystem functions are proba-
bly driven by complex assemblages rather than by
individual taxa. In the present study, soil food web indices
based on the nematode fauna provided a better indicator of
both farmscape patterns and soil functions than that
indicated by nematode taxa abundance. Thus, more
complex soil food web attributes reflect soil functions that
were partially described by using soil properties as
indicators.

Conclusions

The effects of different farm management practices on the
function of soil food webs are not directly predictable from
nematode faunal composition. At some trophic levels, small
differences in nematode community composition had
substantial effects on nematode functional guild structure
and, therefore, large effects on the function of the soil food
web. Aboveground farmscale patterns, however, were
reflected in soil food web indices, especially the SI. In less
disturbed areas, enrichment and structure attributes may
coexist in the soil food web, providing services of enhanced
soil fertility and regulation of opportunistic species.
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